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Abstract 
A novel bioconversion approach of Tunisian wastewater to low-cost Photorhabdus temperata bioinsecticide is pre-
sented in this study. Our results showed that when cultured on the food industry wastewater (WS4), P. temperata cells 
exhibited oral toxicity of about 42%, which is the same as those cultured in complex medium (CM), used as control. 
Moreover, variants small colony polymorphism (Vsm) of the strain K122 was completely avoided after a prolonged 
incubation. However, viable but non-culturable (VBNC) state was enhanced with the maximum colony-forming 
units (CFU) count of 9 × 106 cells/mL obtained after 48 h of incubation in the WS4. According to flow cytometry 
analysis, almost 100% of P. temperata cells were viable until 48 h of incubation. The appearance of propidium iodide 
(PI) positively stained cells was observed after a prolonged incubation with a maximum of 17% of damaged cells in 
WS1. In order to follow the progress of P. temperata fermentation process carried out in industrial wastewater, we 
established for the first time, the mathematical relationship between total cell counts, CFU counts and oral toxicity 
of P. temperata strain K122. Indeed, irrespective of the medium used, the relationship between CFU count and total 
cell count followed a power law. Additionally, when plotting CFU count, or total cell count against toxicity, a semi-log 
linear relationship was obtained. Our results proved the efficiency of this bioconversion approach to produce bioin-
secticide based on the entomopathogenic bacterium P. temperata, with practical benefits in terms of cost production 
and wastewater management.
Keywords: Photorhabdus temperata strain K122, Tunisian industrial wastewater, Mathematical relation, Toxicity, flow 
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Introduction
Industrial wastewater is considered to be high strength 
due to their color, high nutrient content, high carbon 
oxygen demand (COD) value and presence of suspended 
solids, which limits their discharge into water bodies 
(Gupta et al. 2019). The treatment of wastewater is con-
sidered as an integral part of the environmental pollution 
control. The treated wastewater volume in Tunisia was 
about 260 million cubic meters  (mm3) in 2017. How-
ever, only 29% of these effluents are exploited, mainly in 
agriculture, and the rest is released into the sea (Zouari 
et al. 2019). Treatment of wastewater is energy consum-
ing and not allowed to remove completely COD from this 
effluent. Consequently, research institutions are direct-
ing their efforts towards the bioconversion of industrial 
wastewater, which is an approach providing economic 
solution for sustainable wastewater management. More-
over, this approach avoids contamination of soil and 
vegetables by heavy metals found at high concentration 
in the treated wastewater used for irrigation (Rezapour 
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et al. 2019). Several reports described the bioconversion 
of industrial wastewater and wastewater sludge by using 
different microorganisms, such as Bacillus thuringiensis, 
Sinorhizobium meloliti and microalgae species. Indeed, 
wastewater contains organic carbon, as well as nutrients 
like nitrogen, and phosphor allowing their growth and 
generation of value-added products including biopesti-
cides, legume inoculants and biofuel, respectively (Yezza 
et  al. 2006; Ben Rebah et  al. 2002; Gupta et  al. 2019). 
However, there is no report describing the use of waste-
water for Photorhabdus bioinsecticide production.
Photorhabdus temperata is a symbiotic bacterium 
of the entomopathogenic nematode Heterorhabditis 
downesii K122 (Stock et  al. 2002). It is characterized by 
the production of different insecticidal proteins like the 
toxin complexes (Tc) (Waterfield et  al. 2001) and the 
“makes caterpillars floppy” (Mcf) toxins (Daborn et  al. 
2002). These toxins have been successfully used as bioin-
secticides against very diverse insect orders, either by 
ingestion (Jallouli et al. 2013) or injection into the hemo-
lymph (Jang et al. 2011; Ullah et al. 2017). Investigation 
of P. temperata oral toxicity has been reported in several 
studies. Indeed, when tested against different develop-
ment stages of the polyphagous pest Tetranychus urti-
cae, P. temperata cell-free supernatant caused 60, 64, 92 
and 52% mortality of protonymph, deutonymph, adult 
males and adult females, respectively (Eroglu et al. 2019). 
Moreover, Shrestha and Lee (2012) demonstrated that 
after oral ingestion, the bacterial free supernatant of the 
culture medium from P. temperata, caused mortality of 
the adult sweet potato whitefly Bemisia tabaci, and was 
completely lethal after 60  h post-treatment. P. temper-
ata was also demonstrated to be orally toxic against the 
flour moth Ephestia kuehniella, since a concentration of 
12 × 108 cells/mL caused 100% mortality of this insect 
larvae (Jallouli et al. 2013). In addition, an Escherichia coli 
cosmid clone, containing the mcf gene from P. temperata, 
was demonstrated to be highly virulent after injection 
into Galleria mellonella and Tenebrio molitor, by causing 
the loss of body turgor of both larvae (Ullah et al. 2014). 
Moreover, 100% mortality of G. mellonella was obtained 
after injecting of P. temperata whole cells, soluble extract 
or supernatant (Jang et al. 2011; Ullah et al. 2017).
For commercial production of Photorhabdus bioin-
secticides, low-cost nutrients must be selected since the 
cost of raw materials may comprise between 30 and 40% 
of the overall production cost (Montiel et al. 2001). The 
use of wastewater, as an alternative medium produc-
tion, has the advantages to be zero cost and permanently 
available. The only low-cost Photorhabdus fermenta-
tion medium is based on an agro-commercial industrial 
source which is soya bean meal used at 10  g/L (Jallouli 
et  al. 2011). When cultured in CM (complex medium), 
the strain K122 of P. temperata could be maintained at 
the primary form and did not develop variants small 
colony (Vsm) polymorphism after a prolonged incuba-
tion. Indeed, P. temperata Vsm forms appear in three 
types of small colonies (white, red and yellow), during 
fermentation process, starting from 72  h of incubation 
and are characterized by a low toxicity against insect lar-
vae (Jallouli et al. 2008). Additionally, the VBNC (viable 
but non-culturable) state, characterizing the strain K122, 
was partially overcome, since growth occurred at low cell 
density of 6.2 × 108  cells/mL. Entry of the strain K122 
into the VBNC state was due to oxidative stress gener-
ated by hydrogen peroxide, and was demonstrated to be 
enhanced by the growth at high cell density (Jallouli et al. 
2010). In addition, the determination of insecticidal tox-
icity against E. kuehniella showed that P. temperata cells 
produced in CM, exhibited an oral toxicity of 38% at a 
cell density of 4 × 108 cells/mL (Jallouli et al. 2011).
Here, we propose the bioconversion of Tunisian indus-
trial wastewater as a novel approach to produce low-
cost P. temperata bioinsecticide. Total cell count, CFU 
count, oral toxicity against the flour moth E. kuehniella 
and physiological state analysis by flow cytometry, were 
conducted during growth in industrial wastewater. These 
analyses allowed us to select the appropriate medium 
maintaining P. temperata viability and ensuring maximal 
oral toxicity. The established relationships between the 
determined parameters could be used to follow the pro-
gress of P. temperata fermentation process.
Materials and methods
Microorganisms
The bacterial strains used in this study were P. temper-
ata ssp. temperata strain K122 and P. luminescens strain 
Q167/2, obtained from CNRS (Gif-sur-Yvette, France). 
Cultures of both strains were maintained by streak inocu-
lating LB agar Petri dishes (Sambrook et al. 1989), incu-
bated at 30 °C for 48 h and then stored at 4 °C for future 
use.
Biopesticide production media
In this study, six media were used: five industrial waste-
waters and a CM used as a control. The composi-
tion of CM was as follow (g/L):  Na2HPO4,  2H2O 1.2, 
 NH4Cl 1.07, KCl 0.35,  C6H5O7Na3  2H2O 0.5,  Na2SO4 
0.28,  MgCl2 0.12,  CaCl2 0.05, NaCl 0.037,  FeCl3-6H2O 
0.0017 and soya bean meal 10 (Jallouli et  al. 2011). It 
contains a total solid (TS) concentration of 11.85  g/L, 
a total organic carbon (TOC) of 1052.14  mg/mL and 
total nitrogen (Nt) of 500 mg/mL. The commercial soya 
bean meal was obtained from the local cattle feed pro-
ducer (ALCO, Sfax, Tunisia). The industrial wastewaters 
(WS1 and WS2) were sampled from the food industry 
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GIPA (Genérale Industrie des Produits Alimentaires, 
Sfax, Tunisia). The wastewater (WS3) was collected from 
pharmaceutical industry (Simed, Sfax, Tunisia). The 
wastewater (WS4) was sampled from the food industry 
STL (Société Tunisienne de Levure, Beja, Tunisia). The 
wastewater (WS5) was collected from poultry farming 
(Dick Couvoirs, Sfax, Tunisia). pHs were adjusted to 7.0 
using 1N HCl or NaOH before sterilization for 20 min at 
121 °C.
Wastewater analyses
The determination of total solids, volatile solids (VS), 
suspended solids (SS) and volatile suspended solids (VSS) 
were carried out according to standard methods (APHA 
1992). The total Kjeldahl nitrogen content was deter-
mined as described by Kjeldahl (1883). Total organic 
carbon determination was carried out with Shimadzu 
TOC analyzer TOC-VCPH according to standard meth-
ods (APHA 1992). Metals  (Pb2+,  Mn2+,  Fe2+,  Cu2+,  Zn2+, 
 Cd2+,  Cr2+,  Ni2+,  Ca2+,  Mg2+,  Na+ and  K+) were ana-
lyzed by atomic absorption spectroscopy: samples were 
first attacked by hot acid solutions (HCl,  HNO3), then 
filtered and finally identified by atomic absorption spec-
troscopy technique using a device “Perkin Elmer A Ana-
lyst 200 atomic absorption spectrometer”.
Inoculum preparation and growth experiments
The inoculum was prepared as follows: one 48-h-old P. 
temperata strain K122 was isolated and dispersed into 
3  mL of LB medium and incubated overnight at 30  °C. 
The seed culture was used to inoculate 500-mL Erlen-
meyer flasks containing 85 mL of different media quoted 
above, with initial optical density of 0.025 at 725 nm (Jal-
louli et al. 2008). Incubation was carried out during 96 h 
in a rotary shaker set at 200 rpm and at a temperature of 
30 °C (Jallouli et al. 2008).
Flow cytometry
Cell viability analysis by flow cytometry was conducted 
with an Attune Nxt Acoustic Focusing Flow Cytometer 
(Thermo fisher)  equipped with a 488 argon laser and 
two physical light scattering parameters: the forward 
scatter (FSC) and the sideward scatter (SSC), measuring 
cell size and granularity, respectively. Three fluorescence 
signals were collected with photomultiplier tubes: green 
fluorescence FL1 (530 ± 30 nm), orange fluorescence FL2 
(574 ± 26  nm), and red fluorescence FL3 (695 ± 40  nm). 
Fluorescent beads of 1  µm in diameter were added in 
order to normalize the flow cytometer settings. Samples 
from different  P. temperata  culture broth (WS1, WS2, 
WS3, WS4, WS5 and CM) were collected at different 
incubation times (24, 48, and 72  h). For determination 
of cell viability, all the samples were immediately diluted 
with PBS 1× pH 7.2 and stained with propidium iodide 
(PI) (Sigma-Aldrich) at a final concentration of 10 µg/mL. 
Samples were incubated for 15 min in the dark. PI fluo-
rescence was measured using the red 695 ± 40 nm band 
pass filter (FL3). For each sample data were collected for 
10.000 events, using logarithmic amplification, at a flow 
rate of 25 μL/min. Heat-treated cells were used as a posi-
tive controls and each assay was run in duplicate.
Analyses
Estimation of total cell count
Photorhabdus temperata cells count was determined 
microscopically, using Thoma counting chamber, by a 
microscope (ZUZI) at 100-fold magnification. The pre-
sented values are the average results (± standard devia-
tion (SD)) of three determinations of three separate 
experiments.
For media inoculation, the optical density (OD) was 
determined in LB medium at 725 nm (Jallouli et al. 2008), 
with a spectral photometer (BioRad).
Estimation of culturable cell count
Photorhabdus temperata cell culturability was performed 
by counting CFU grown on solid LB medium after dif-
ferent incubation times. Incubation of LB plates was car-
ried out at 30  °C during 48 h and prolonged up to 96 h 
for detection of Vsm colonies (Jallouli et al. 2008). Each 
type of colony was identified by shape and color. The 
presented values are the average results (± SD) of three 
determinations of three separate experiments.
Bioassays
Oral toxicity of P. temperata was estimated against first 
instar larvae of E. kuehniella using optimized-conditions 
in our laboratory (Jallouli et al. 2008). P. temperata tox-
icity was assessed as the growth inhibition of the fed 
larvae with K122, compared to the growth of similar 
larvae number fed with the non-toxic P. luminescens 
strain Q used as control (Jallouli et  al. 2013). Growth 
inhibition was determined by using similar cell count of 
4 × 108 cells/mL at different fermentation times. The pre-
sented values are the means (± SD) of the weight of 30 
larvae collected from three replicates carried out with 10 
larvae each. The data were statistically analyzed by SPSS 
software (Version 20) using Duncan test performed after 
analysis of variance (ANOVA).
Analyses of relationship between total cell count, CFU 
count and toxicity
Data obtained from experiments using WS1, WS2, WS3, 
WS4, WS5 and CM media were used to analyze the rela-
tionships between total cell count and CFU, total cell 
count and toxicity, and between CFU count and toxicity. 
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Linear, logarithmic, exponential and power law relation-
ships between determined parameters were carried out, 
and the adequate one was chosen for presentation.
Results
Wastewater characterization
The composition of different wastewaters is presented 
in Table  1. The volatile solid was the highest in WS4 
(4.7 g/L). This concentration decreased to 1.54, 1.19, 1.08 
and 0.83  g/L in WS1, WS5, WS2 and WS3, respectively. 
The pH varied from 7 to 8 in wastewaters WS4, WS3, 
WS5 and WS2, but it is of 10.32 in WS1. Chemical charac-
terization showed that WS4 had the highest total organic 
carbon (TOC) and total nitrogen (Nt), compared to the 
other wastewaters used in this study. Metal quantification 
showed that the concentrations of  Ca2+,  Mg2+,  Na+, and 
 K+ were the highest in all wastewaters used, compared to 
heavy metals which are present at a low concentration.
P. temperata growth, culturability and entomotoxicity 
in different cultivation media
When using wastewater as a fermentation medium for 
P. temperata bioinsecticide production, stationary phase 
started at 30 h in all the media tested, leading to a final 
biomass of 4.1, 5.2, 6.5, 7.1 and 7.5 × 108 cells/mL in 
WS4, WS5, WS2, WS1 and WS3, respectively (Fig.  1a). 
Biomass production is comparable to that obtained in 
CM (6.24 × 108 cells/mL).
Contrarily to CM, showing the highest CFU counts 
of 2.72 × 107  cells/mL after 31  h of fermentation, the 
strain K122 exhibited a lower culturability in all the 
wastewaters tested. Indeed, by using wastewater WS4 
as a raw material for P. temperata growth, the CFU 
titer was of 9 × 106  cells/mL followed by a maximum 
CFU counts of 6.95, 4.8, 3.5, and 1.9 × 106  cells/mL 
obtained by using WS1, WS2, WS5 and WS3, respec-
tively (Fig. 1b). It is important to note that stability of 
CFU counts after plating cells on LB agar differs sig-
nificantly between media used for P. temperata cultiva-
tion (Fig. 1b). In fact, K122 cells were more culturable 
in WS4, since CFU counts started to decline after 78 h 
of fermentation similar to those cultivated in CM and 
in WS3. However, when using WS1, WS2 and WS5, the 
ability of the strain K122 to form colonies started to 
decrease after 48 h of incubation.
The profile of insecticidal activity against E. kuehniella 
larvae, in various fermentation media, is presented in 
Fig.  1c. It is important to note that in all the fermenta-
tion media, the highest toxicity was obtained by using 
Table 1 Physico-chemical characteristics of industrial wastewaters used for P. temperata bioinsecticide production
Characteristics WS1 WS2 WS3 WS4 WS5
Physical characteristics
 TS (g/L) 4.24 ± 0.05 3.18 ± 0.05 1.32 ± 0.58 7.2 ± 0.11 6 ± 0.19
 VS (g/L) 1.54 ± 0.23 1.08 ± 0.07 0.83 ± 0.05 4.7 ± 0.22 1.19 ± 0.45
 SS (g/L) 0.16 ± 0.002 0.4 ± 0.02 0 ± 0 0.4 ± 0.1 0 ± 0
 VSS (g/L) 0.10 ± 0.009 0.084 ± 0.001 0 ± 0 0.4 ± 0.05 0 ± 0
 pH 10.32 8 6.91 7.01 8.03
Chemical characteristics
 TC (mg/L) 1220 195.4 1753 1892 144.6
 TOC (mg/L) 1104 105.5 1747 1828 94.6
 Nt (mg/L) 77 76.3 83.3 403.2 17.5
Metals (mg/L)
 Pb2+ 0.16 < 0.05 < 0.05 < 0.05 < 0.05
 Mn2+ < 0.04 < 0.04 < 0.04 < 0.04 < 0.04
 Fe2+ 0.23 < 0.06 0.1 0.34 0.07
 Cu2+ < 0.05 < 0.05 < 0.05 < 0.05 < 0.05
 Zn2+ 0.4 0.1 0.03 0.07 0.1
 Cd2+ < 0.005 < 0.005 < 0.005 < 0.005 < 0.005
 Cr2+ < 0.05 < 0.05 < 0.05 < 0.05 < 0.05
 Ni2+ < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
 Ca2+ 135 52 175 66 120
 Mg2+ 7.6 4.6 2 4 14.4
 Na+ 165 158 35 15 298
 K+ 4 2 ND 4 10
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P. temperata cells aged for 31  h and remained stable by 
using those aged for 48  h (p < 0.05). However, oral tox-
icity against E. kuehniella larvae was the lowest when 
bioassay was carried out by using cells aged for 24  h 
(p < 0.05). After 48  h of incubation, the analysis of vari-
ance (ANOVA) showed no statistical difference (p > 0.05) 
between P. temperata oral toxicity cultured in CM or 
WS4 with an inhibition growth of 42% and 38%, respec-
tively. In contrast, lower toxicity (p < 0.05) of 29.5%, 
15.37%, 14.33% and 9.75% was obtained for P. temperata 
cells cultured in WS1, WS5, WS2, and WS3, respectively.
Cell physiology study by flow cytometry
The analysis of P. temperata physiological state, cul-
tured in different fermentation media, is presented in 
Fig.  2. When cultured in CM, used as control, K122 
cells were all viable ones (PI negatively stained) after 
different incubation times (24, 48 and 72  h) (Fig.  2A). 
In contrast, during the growth in wastewater, there was 
a change in P. temperata physiological state. Indeed, 
when using WS1, WS2, WS3 or WS5 as fermenta-
tion medium the percentage of dead cells (PI posi-
tively stained) increased progressively from 2, 1.9, 0.8 
and 1.8% at 48 h of incubation, to 17, 7.8, 9.4 and 9.8%, 
respectively, at 72 h of incubation. Interestingly, almost 
all P. temperata cells remained viable even after a pro-
longed incubation in WS4 with only 0.8% of dead cells 
at 72 h of incubation (Fig. 2B). At such incubation time, 
the percentage of K122 damaged-cells followed the 
order: WS1 ˃  WS5 ˃  WS3 ˃  WS2 ˃  WS4 ˃  CM.
Relationship between total cell count, CFU count 
and toxicity in different media
Relationship between total cell count and CFU count
Irrespective of the medium used for P. temperata bioin-
secticide production, the relation between CFU count 
and total cell count could be expressed by a power law 
function: CFU = a (total cell count)b (Fig. 3a).
Power law equations from (1) to (6) are presented 
below:
The coefficients of determination (R2) were superior or 
equal to 0.9 in all equations, except of WS2 and WS5, for 
which it was of 0.86 for both media.
At a given total cell count, the highest value of constant 
«b», gives the greatest value of CFU count. This is the 
case of CM and WS4, for which the constant «b» was of 
0.987 and 0.902, respectively. However, this constant was 
lower than 0.7 for the other media causing a lower CFU 
count.
Relationship between total cell count and toxicity
The logarithmic function was found to be the best rela-
tionship to express the relation between total cell count 
and toxicity. This relation was expressed by the following 
equation: total cell count = a Ln (Toxicity) + b and was 
presented in semi-log plots (Fig. 3b). The semi-log equa-
tions from (7) to (12), obtained by using different fermen-
tation media are as follows:
(1)
MC : CFU = 4.596 (total cell count)0.987;R2 = 0.998,
(2)
WS1 : CFU = 2.37 (total cell count)0.666; R2 = 0.9,
(3)
WS2 : CFU = 1.823 (total cell count)0.677; R2 = 0.866,
(4)
WS3 : CFU = 0.687 (total cell count)0.660;R2 = 0.926,
(5)
WS4 : CFU = 3.185 (total cell count)0.902; R2 = 0.925,
(6)
WS5 : CFU = 1.566 (total cell count)0.626; R2 = 0.869.




+ 1.339; R2 = 0.995,
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+ 4.468; R2 = 0.976,
(See figure on next page.)
Fig. 1 P. temperata bioinsecticide production in different fermentation media. a Growth, b CFU count and c toxicity. Error bars represent the 
standard errors of the mean values (n = 3). Letters (a, b, c, d, e and f ) above each column indicate significant differences among oral toxicity of 
the strain K122, cultured in different media at p < 0.05 according to the Duncan’s test. Letters (A, B) above columns indicate significant differences 
among oral toxicity of the strain K122, cultured at different incubation times at p < 0.05 according to the Duncan’s test
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The semi-log relationship between P. temperata total 
cell count and toxicity, was highly correlated in all the 
media tested (R2 > 0.9).
Relationship between CFU count and toxicity
To study the relationship between CFU count and 
entomotoxicity of P. temperata in different media, 
culturability was plotted against insecticidal activity. 
As shown in Fig.  3c, there is a logarithmic relation-
ship between CFU and P. temperata entomotoxicity 
expressed by the following equation: CFU count = a Ln 
(toxicity) + b. By using different fermentation media, 
different equations from (13) to (18) were obtained:
High correlation between CFU count and entomo-
toxicity has been recorded in this study (R2 > 0.9).
Discussion
Industrial waste water is characterized by high nutrient 
content. For this reason researchers have directed their 
thoughts to the reuse of this effluent for the production 
of value-added products such as biopesticides. Indeed, 
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Yezza et  al. (2006) demonstrated that starch industry 
wastewater containing high concentration of carbon 
(51.8%, dry TS), allowed growth, sporulation and also 
toxin synthesis by Bacillus thuringiensis at a higher level 
than the reference medium. Moreover, wastewater sludge 
was demonstrated to be an effective medium for the 
growth of B. thuringiensis (Brar et al. 2009; Lachhab et al. 
2001; Vidyarthi et al. 2002; Yezza et al. 2006). Containing 
high TOC concentration, this effluent, can be also used as 
a substrate for growth and as a carrier for Sinorhizobium 
meloliti (Ben Rebah et al. 2002).
As expected, the chemical and physical Tunisian indus-
trial wastewater composition varied according to the ori-
gin of each one. This variability was observed in metal 
concentration, organic matter content and in carbon and 
nitrogen concentration; giving a large variation in C/N 
ratio. Chemical characterization of different wastewa-
ters showed that they contain several metals required for 
bacterial growth like  Ca2+,  Mg2+,  Na+ and  K+. Indeed, 
magnesium is the most abundant divalent metal in cells 
and it is required for many structural and enzymatic 
functions (Wakeman et al. 2014). Calcium and calcium-
binding are implicated in different processes in bacteria 
including: sporulation, virulence, transport of sugar and 
protein, phosphorylation, heat shock, initiation of deoxy-
ribonucleic acid (DNA) replication, septation, nucleoid 
structure, nuclease activity and recombination (Norris 
et  al. 1991). Sodium is involved in the relaxation of the 
plasmid DNA of Escherichia coli, the improvement of P. 
temperata biomass production and toxin synthesis (Jal-
louli et al. 2011). Moreover, potassium acts as a cytoplas-
mic signaling molecule, inducing adaptation to elevated 
osmolarity (Epstein 2003). In this study, we found that 
the studied wastewaters contain heavy metals, but at the 
recommended level according to the Tunisian agricul-
ture use (Ben Abdallah and Neubert 2003). It is impor-
tant to note that some heavy metals such as  Zn2+,  Mn2+ 
and  Fe2+ are crucial for bacterial growth (Hughes and 
Fig. 2 PI single stained dot plots of P. temperata cells growing in different fermentation media at three incubation times (24 h, 48 h and 72 h): A a 
CM, b WS1, c WS2, B a WS3, b WS4 and c WS5. The experiment was twice repeated separately
(See figure on next page.)
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Poole 1991). Others like  Ni2+ and  Cu2+ can be toxic for 
bacterial cell growth. However, metals are generally less 
toxic when complexed with wastewater organic matter, 
than in free ionic forms (Babich and Stotzky 1980). Based 
on the obtained results, Tunisian industrial wastewaters 
used in this study seemed to have a good potential as an 
alternative medium for Photorhabdus bioinsecticide pro-
duction. Indeed, wastewater contains carbon and nitro-
gen that could support the growth of P. temperata cells 
and could stimulate toxin synthesis by this bacterium. 
Moreover, the presence of mineral salts and some heavy 
metals in wastewater, avoids the addition of these com-
pounds, playing a major role in cell growth. Interestingly, 
P. temperata fermented broth could be directly used as 
biopesticides. Indeed, industrial wastewater is sterilized 
before inoculation removing all possible contamination 
by pathogens. In addition, heavy metals are present at a 
low concentration (Table 1). Similarly, Brar et al. (2009), 
Lachhab et  al. (20200101), Vidyarthi et  al. (2002), and 
Yezza et al. (2006) used directly the fermented wastewa-
ter and wastewater sludge which are subjected to a con-
centration step and then formulation prior to application 
as B. thuringiensis biopesticide.
Our results showed that when using different indus-
trial wastewaters for P. temperata cells production com-
parable sigmoid growth curves were obtained (Fig. 1A). 
Thus, it is evident that the strain K122 did not exhibit 
particular requirement for its growth and it was able to 
assimilate complex organic matter, present in different 
wastewaters used. Similar results have been reported by 
Jallouli et  al. (2008) demonstrating the ability of P. tem-
perata strain K122 to assimilate distinct nitrogen and 
carbon sources, with no need for any particular require-
ment, when growth occurred in the synthetic media.
Except for WS4, P. temperata cells production was cor-
related with carbon and nitrogen contents in all tested 
wastewaters. Indeed, the lowest biomass production 
was obtained when using WS5, having the lowest total 
carbon of 144.6 mg/L and a total nitrogen of 17.5 mg/L, 
while the highest biomass production was obtained 
when using WS3 having a total carbon and nitrogen of 
1753 mg/L and 83.3 mg/L, respectively. Despite its high 
nitrogen and carbon content, low P. temperata biomass 
production was obtained in the case of WS4. This could 
be explained by the fact that this wastewater may contain 
organic compounds, which could be responsible for the 
inhibition of K122 cell multiplication.
On the other hand, it was obviously clear that irrespec-
tive of the medium used for P. temperata growth, the 
highest CFU counts was not observed at the highest total 
cell counts. Moreover, culturability in all cases was lower 
than total cell count (Fig. 1B) which illustrates the VBNC 
state of P. temperata. This state has been demonstrated 
when growth occurred in the optimized medium (OM), 
based on glucose and yeast extract, or the CM with a cul-
turability of 11.1 and 4.35%, respectively (Jallouli et  al. 
2008, 2011). Here, we demonstrated that cultivation in 
wastewater enhances the VBNC state since P. temperata 
culturability after 48 h incubation reached only 2.02, 0.86, 
0.61, 0.58 and 0.21% of the total cell counts in WS4, WS1, 
WS2, WS5 and WS3, respectively, compared to 4.32% 
obtained by using CM. However, until 48 h of incubation, 
almost 100% of P. temperata cells were viable according 
to PI single stained dot plot (Fig.  2). After a prolonged 
incubation in wastewater (72  h), the physiological state 
of the strain K122 changed and PI positively stained cells 
appear, indicating the loss of P. temperata cell-mem-
brane integrity, leading to cell death. This state could 
be the result of reactive oxygen species accumulation 
in K122 cells during growth as demonstrated by Jallouli 
et  al. (2010). Reactive oxygen species, especially hydro-
gen peroxide, were demonstrated to be responsible of P. 
temperata inability to form colonies since they remain 
close to the cells, contrarily to liquid medium, in which 
they diffuse away from the cells. This was observed dur-
ing the growth in WS3, since K122 cells had the lowest 
CFU count of 1.7 × 106 cells/mL (48 h) despite the high-
est cell counts obtained in the same medium. Our study 
proved also instability of P. temperata cells to form colo-
nies during growth in different fermentation media. The 
decline in CFU counts from 48 h in WS1, WS2, WS3 and 
WS5 could be attributed to organic matter heterogene-
ity and consequently, the variability of produced metabo-
lites during fermentation influencing K122 cells capacity 
to form colonies after plating in LB solid medium. How-
ever, K122 cells grown in WS4 remained culturables, 
similarly to those grown in CM indicating that WS4 
could be a suitable medium for the maintaining of P. 
temperata culturability. Interestingly, by using wastewa-
ter as a fermentation medium for P. temperata bioinsec-
ticide production, Vsm polymorphism was completely 
avoided (result not shown) since no K122 colony forms 
(white, red or yellow) were observed when plating cells 
on solid medium, even after extended incubation. Simi-
lar results were reported for CM medium, in which Vsm 
(See figure on next page.)
Fig. 3 Correlation profiles between a total cell count and CFU count; b total cell count and toxicity and c CFU count and toxicity during 
fermentation in different media
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appearance was avoided (Jallouli et al. 2011). Such forms 
were demonstrated to be less toxic and consequently 
reduce the efficacy of P. temperata bioinsecticide (Jallouli 
et al. 2008).
Assessment of P. temperata oral toxicity against E. 
kuehniella larvae showed that the highest toxicity was 
obtained in WS4 in which the highest nitrogen con-
centration was of 403.2  mg/L. These results could be 
explained by the fact that organic compounds present 
in WS4 limit P. temperata growth, but have no effect on 
the culturability or toxin synthesis of the produced cells. 
Moreover, the low nitrogen contents in WS1 (77 mg/L), 
WS2 (76.3 mg/L), WS5 (17.5 mg/L) and WS3 (83.3 mg/L) 
could explain the low toxin synthesis in these media. 
High oxidative stress could be another factor responsible 
of low toxicity (9.75%) obtained when growth occurred in 
WS3, since reactive oxygen species not only affect P. tem-
perata ability to form colonies, but also influence toxin 
gene expression (Jallouli et al. 2011). Further analysis by 
flow cytometry should be performed to confirm such 
hypothesis.
Irrespective of the wastewater used for P. temperata 
cultivation, K122 cells aged for 31 h exhibited the same 
toxicity to those aged for 48  h (Fig.  1C). However, by 
using the same cell density of 4 × 108 cells/mL, oral toxic-
ity was the lowest after 24 h of incubation in all fermen-
tation media. This result was in accordance with those 
reported by Jallouli et al. (2013), demonstrating that the 
maximum of toxin synthesis occurred at 32 h of incuba-
tion. Based on these findings, WS4 medium is a suitable 
medium for P. temperata bioinsecticide production since 
P. temperata cells exhibited the highest toxicity, cultur-
ability and physiological state stability.
The analysis of total cell count, CFU count and toxic-
ity during P. temperata growth in different fermentation 
media, was conducted to have a possible mathemati-
cal relationships between all these parameters. These 
relationships have never been reported in literature 
for P. temperata strain K122. In this study, we showed 
for the first time that irrespective of the medium used, 
the relationship between total cell and CFU counts 
followed the power law (Fig.  3a). Consequently, it is 
possible to calculate the CFU count in each medium, 
knowing only total cell count. A similar relationship 
was found between B. thuringiensis-specific entomo-
toxicity and spore concentration (Brar et  al. 2009; Vu 
et  al. 2012). In the obtained power law equations, the 
coefficient  “a”  is a direct measure of CFU count at a 
given total cell count value. The value of coefficient “a” 
in different media follows the order CM > WS4 > WS1 > 
WS2 > WS5 > WS3 which is in accordance with results 
obtained in Fig.  1B, since the ability of P. temperata 
to form colonies follows the same order. These results 
were in agreement with nitrogen and carbon contents 
since these nutrients were present at high concentra-
tion in CM followed by WS4, WS1, WS2 and finally 
WS5 (Table 1). Regardless of its high nutrient content, 
WS3 has the smallest value of constant “a” (a: 0.68), 
which reflects the lowest CFU count. This is probably 
due to oxidative stress generation during P. temper-
ata cell growth in such wastewater and thus affecting 
K122 ability to form colonies after plating in LB solid 
medium. Additionally, it is particularly interesting to 
note that by using CM or WS4 for P. temperata bioin-
secticide production, a linear relation in semi-log scale 
was obtained between total cell count and toxicity 
(Fig.  3b). As a result, growth inhibition of E. kuehn-
iella larvae increases with total cell count up to a cer-
tain value (32  h) after which toxicity remains stable. 
The obtained results could be justified by the fact that 
cells aged for 48 h or 32 h exhibited the same oral toxic-
ity against E. kuehniella larvae. Similarly, Jallouli et al. 
(2013) reported that P. temperata oral toxicity rises by 
increasing cell concentration. However, by using other 
wastewaters (WS1, WS2, WS3 and WS5), toxicity con-
tinued to increase despite the stabilization of total cell 
counts. In these cases, P. temperata biomass produc-
tion did not differ significantly between 24  h, 32  h or 
48  h, contrarily to toxicity which greatly increased by 
the increase in P. temperata toxin synthesis from 32 h 
(Jallouli et al. 2013). Similarly, the relationship between 
CFU count and toxicity was found to be linear on semi-
log scale. As expected, high culturability did not reflect 
high toxicity, since P. temperata cultured-cells in CM 
and having the highest CFU count, had similar toxic-
ity to P. temperata cultured-cells in WS4. This could 
be explained by the fact that P. temperata in the VBNC 
state exhibited the same toxicity as the viable ones (Jal-
louli et  al. 2013). Another study also reported that a 
logarithmic relationship was obtained when plotting B. 
thuringiensis entomotoxicity against delta-endotoxin 
concentration (Vu et  al. 2012). However, a linear rela-
tion was obtained between B. thuringiensis entomotox-
icity and protease activity (Brar et  al. 2009) as well as 
between B. thuringiensis entomotoxicity and specific 
growth rate (Vidyarthi et  al. 2002). Consequently, to 
estimate P. temperata bioinsecticide production dur-
ing fermentation, the linear relation between Ln (tox-
icity) and total cell count or Ln (toxicity) and CFU 
count could be used. Thus, a rapid determination of 
total cell count microscopically or P. temperata cultur-
ability could be a useful method to predict P. temperata 
entomotoxicity. However, these equations should be 
used only to follow bioinsecticide production during 
fermentation or to estimate maximal P. temperata oral 
toxicity obtained after 48 h of incubation. But, bioassay 
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remains the best method to have the correct growth 
inhibition of E. kuehniella larvae considering the insec-
ticidal protein diversity and the change in wastewater 
composition.
Conclusions
Considering the increase in industrial wastewater dis-
charge in nature and its effects on the environment, bio-
conversion to value-added products like bioinsecticide 
appears as a good alternative. This approach not only 
reduces the quantity of wastewater through its use as a 
raw material, but also contributes to the production of 
low-cost bioinsecticide based on the entomopathogenic 
bacterium P. temperata, since wastewater contains car-
bon, nitrogen and other nutrient sources required for 
its growth. In the present study, we showed that perfor-
mance of the strain K122 in growth, culturability, viabil-
ity and toxicity varied within the five Tunisian industrial 
wastewaters disposed. This variation could be due to the 
variability in nitrogen and carbon concentration accord-
ing to the wastewater origin. Moreover, the presence of 
organic compounds in wastewater and the generation 
of reactive oxygen species during fermentation could be 
involved in the decrease of P. temperata’s ability to mul-
tiply, to form colonies on the solid medium or to exhibit 
oral toxicity. Further studies are needed to confirm the 
involvement of such molecules or components in P. 
temperata bioinsecticide production. Besides, study of 
the mathematical relationships between all determined 
parameters, showed that the CFU count followed power 
law when plotted against total cell count. Moreover, the 
relations between toxicity, total cell count and toxicity, 
CFU count were found to be linear on semi-log scale. 
Thus, the progress of P. temperata fermentation process 
can be easily followed by using the relationships estab-
lished between the fermentation parameters.
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